Carbon-ion therapy by layer-stacking irradiation for static targets has been practised in clinical treatments. In order to apply this technique to a moving target, disturbances of carbon-ion dose distributions due to respiratory motion have been studied based on the measurement using a respiratory motion phantom, and the margin estimation given by the square root of the summation + Internal margin Setup margin 2 2 has been assessed. We assessed the volume in which the variation in the ratio of the dose for a target moving due to respiration relative to the dose for a static target was within 5%. The margins were insufficient for use with layer-stacking irradiation of a moving target, and an additional margin was required. The lateral movement of a target converts to the range variation, as the thickness of the range compensator changes with the movement of the target. Although the additional margin changes according to the shape of the ridge filter, dose uniformity of 5% can be achieved for a spherical target 93 mm in diameter when the upward range variation is limited to 5 mm and the additional margin of 2.5 mm is applied in case of our ridge filter. Dose uniformity in a clinical target largely depends on the shape of the mini-peak as well as on the bolus shape. We have shown the relationship between range variation and dose uniformity. In actual therapy, the upper limit of target movement should be considered by assessing the bolus shape.
INTRODUCTION
The success of carbon-ion therapy with passive beam irradiation that utilizes wobbler magnets, a scatterer, a ridge filter and a multileaf collimator (MLC) has previously been demonstrated at the Heavy Ion Medical Accelerator in Chiba (HIMAC) [1] , Hyogo Ion Beam Medical Center (HIBMC), Gunma University Heavy Ion Medical Center (GHMC) [2, 3] and the SAGA Heavy Ion Medical Accelerator in Tosu (SAGA HIMAT). To improve the dose localization in a target, the layer-stacking irradiation technique has been used at the HIMAC and GHMC [4, 5] . Layer-stacking irradiation can reduce unnecessary irradiation of normal tissues on the proximal side of the spread-out Bragg peak (SOBP). However, the dose uniformity may be disturbed when the target is moving. Thus, the method has not been clinically used for tissues that undergo respiratory motion, such as the lung or liver regions. It was our aim to investigate the use of this technique for a moving target.
Mori et al. have reported on ensuring dose uniformity in a moving target with the layer-stacking irradiation method through the use of calculation [6, 7] . They reported that better dose uniformity was achieved with passive irradiation than with layer-stacking irradiation. Additionally, dose uniformity with gated layer-stacking irradiation was better than that achieved with free breathing [6] . Dose assessments were later conducted with carbon-ion layer-stacking irradiation, using a numeric lung phantom and changing several parameters. It was reported that shortening of motion displacement by means of a gating strategy and increasing the irradiation time was important, based on simulations [7] .
Tashiro et al. have reported a method for incorporating image acquisition into the margins and smearing value of a moving target [8] .
In their report, the margins and smearing value were determined by measuring the amount of movement of the target in each direction, based on 4D computed tomography (4D CT) images. In addition, the validity of the margins and the smearing value for the moving target has been verified by dose measurements in the case of broad-beam irradiation (S. Tajiri et al., submitted for publication).
For a moving target, two factors need to be considered. One is the dose uniformity inside the clinical target volume (CTV), and the other is appropriate margin estimation. In this paper, we experimentally verify the dose uniformity inside the CTV and the appropriate margins for layer-stacking irradiation of a moving target.
MATERIALS AND METHODS
Layer-stacking irradiation method Figure 1 shows a schematic illustration of the layer-stacking irradiation technique. In the layer-stacking method [5] , the target is divided into several layers in the beam direction, and is sequentially irradiated, layer by layer, with a mini-peak that is produced by the ridge filter. The opening of the MLC is synchronized with the layer-stacking irradiation in accordance with the shape of the proximal part of the target.
In the layer-stacking method used at our institution, the dose at each slice is assessed by measuring the peak dose before the irradiation. Then, we have to position the flat part in the depth dose distribution of the mini-peak. Figure 2 shows the physical and biological dose distributions achieved with a ridge filter. The corresponding width of the minipeak was 5 mm. The mini-peak was swept longitudinally in steps of 2.5 mm by inserting a range shifter. The mini-peak was designed so that it overlaps at each step, because it may be resistant to movement of the target. The mini peak and the step sizes, which are clinically used in static target irradiation, were used in the measurements.
Margin estimation
We defined the planning target volume (PTV), a virtual CTV and a treated volume as described in a previous paper (S. Tajiri et al., submitted for publication). We measured dose distributions, changing the amplitude of the target movement, while a range compensator (RC) was placed at a fixed position. Internal margins for each direction differ with the amplitude. In order to assess the method for determining margins (see Fig. 3 ), we first determined the PTV for a moving target. We took the PTV to be the same as the treated volume for a static target. Then, we inversely defined a virtual CTV, using margins determined from the movement amplitude. The virtual CTV is defined by the contours resulting from subtraction of the total margin (distal: deeper region of beam axis; proximal: shallower region of beam axis; lateral: perpendicular to the beam axis) from the PTV. The total margin in the lateral direction therefore corresponds to the smearing values.
For heavy ion therapies, the clinical dose distribution, which is defined as the physical dose multiplied by the relative biological effectiveness (RBE), should be considered. In order to consider a change in the clinical dose due to movement of the target, the beam quality or linear energy transfer should be measured. We did not consider change in the beam quality, and we assumed that the variation in the physical dose would approximate that of the clinical dose.
In our experiment, the center of a spherical target 93 mm in diameter was placed at a depth of 120.5 mm in water. The PTV is given by the treated volume for the static target that covers 95% of the prescribed dose for a static target [9] [10] [11] . The RC was designed for static irradiation. We then measured dose distributions in a respiratory motion-phantom with the RC.
Based on the work of Tashiro et al. [8] , determination of the internal margin (IM) is schematically illustrated in Fig. 3 (S. Tajiri et al., submitted for publication). The blue arrows show motion in the superior-inferior (SI), left-right (LR) and anterior-posterior (AP) directions, and the red arrows show the IM in each direction. Following our treatment planning policy, the IM in each direction was set by adding one-third of the motion during the gating window in each direction. The total margin (TM) in the superior, inferior, left, right, anterior and posterior directions was calculated as follows:
where the setup margin (SM) was taken as~3 mm in each direction for treatment planning. This value was taken as the square root of the summation such as the positional error, displacement of the beam axis, the positions of the RC and MLC, the machining accuracy of the RC, the uniformity of the RC material, and beam range uncertainties [8] . In the measurements, a multilayer ionization chamber (MLIC) [12] was positioned by a laser pointer instead of by an X-ray positioning system. The SM was assumed to be 2 mm in the lateral direction and 3 mm in the beam direction. This is because the MLIC had a few percentage errors in water-equivalent length values of electrodes, an uncertainty in position, etc. Then, we defined the virtual CTV as the PTV minus the total margins [8] .
Conversion of lateral movement to range variation
The thickness of the RC used in this experiment increased with the off-center distance. Then, lateral movement of the target was converted to range variation due to movement of the target, assuming the straight line approximation of the beam path. The central part of the target has smaller changes of the beam direction, but the peripheral region has larger changes. Figure 4 illustrates the schematic of the beam range variation due to target motion. For a moving target, the two arrows show the same irradiated position in the target; however, the beam range in the target becomes shorter when the target moves from inferior to superior. This is because the path lengths in the RC become thicker.
Experimental conditions
We measured dose distributions with and without respiratory motion by using the MLIC [12] that was mounted on a laterally moving stage. The MLIC consists of 64 small ionization chambers stacked with~4-mm water-equivalent intervals in the beam direction. A beam energy of 400 MeV/n was used. A prescribed dose of 5 Gy (the RBE) was administered to the target from a horizontal irradiation port. The dose measurement setup is shown in Fig. 5 . The static target was located on the beam line passing through the iso center (IC). The target moved towards the right (the superior direction) with respect to the beam direction; also, the movement of the beam direction was simulated by changing the thickness of a wedge-shaped phantom. We measured dose distributions at various movement amplitudes (1, 4 and 20 mm), for beam intensities of 100% and 50%, and for free breathing and gated irradiation, as summarized in Table 1 . In order to compare free breathing with gated irradiation under similar conditions, the gating windows of the lateral and beam directions were set to 4 mm and 0.8 mm, respectively, when the total amplitudes of lateral and beam direction were 10 mm and 1 mm, respectively. The beam was gated only for lateral movement, using a respiratory gating system (Anzai Medical AZ-733V with laser respiration sensor, Tokyo, Japan) equipped with a beam delivery system (Mitsubishi Electric, Tokyo, Japan). The dose rate of 100% beam intensity at the IC position was 6.18 Gy/min. We measured dose distributions using the respiratory gating system for gated irradiation. The values of margins are also summarized in Table 1 .
The lateral movement of the MLIC was synchronized with the wedge-shaped phantom. The respiratory cycle was set to an arbitrary value of 3.5 s, which was not the same as the synchrotron operation cycle. Respiratory motion was assumed to be sinusoidal. The operation cycle of the synchrotron was 2.9 s, and the spill cycle length was 0.97 s. In our measurements, beam direction and lateral direction were defined by the LR direction and the SI direction.
RESULTS

Margin assessment
For comparison of dose distributions between the static target and the targets moving due to respiration, the relative dose ratio was evaluated as shown below:
where D static was the measured physical dose for a static target, and D moving was the measured dose for a moving target. Figure 6 shows the dose ratio between the static target (Case no. 1 in Table 1 ) and the moving target (Case nos 2-4 in Table 1 ). The black region represents the area in which the variation of the dose ratio exceeds 5%. The colored region depicts the area in which the variation of the dose ratio falls within 5%. The green dotted line is the PTV that is defined by the treated volume for a static target, while the red-brown dotted line is the virtual CTV calculated from the PTV and moving distances. The treated volume for a moving target in which the variation of the dose ratio is more than ±5% (the black region) was observed at the edges of the virtual CTV. For this reason, the dose weight among all layers was markedly higher in the most distal layer, which resulted in severe interplay effect at this layer. Coverage of the treated volumes for the moving targets relative to the defined virtual CTVs were 97.6%, 95.0% and 88.0% in cases of lateral motion of 1 mm, 4 mm and 20 mm, respectively. Figure 7 shows the average dose ratio and standard deviation in the above virtual CTV at each lateral position. Red, blue and green dotted lines indicate the average dose ratio for 1 mm (Case no. 2 in Table 1 ), 4 mm (Case no. 3 in Table 1 ) and 20 mm (Case no. 4 in Table 1 ) of the moving target, respectively. The vertical bars of Fig. 7 indicate the dispersion of deviations (2σ) inside the virtual CTV at each lateral position. Figure 7 also shows that the slope of the average dose ratio increased as respiratory motion increased. Figure 8 shows (a) the standard deviation (2σ) of the dose ratio and (b) the average dose ratio in the virtual CTV, where the abscissa is the range variation converted from a change in the lateral position. These results were obtained for a lateral movement of 1 mm (Case no. 2 in Table 1 ), 4 mm (Case no. 3 in Table 1 ) and 20 mm (Case no. 4 in Table 1 ). The red and blue circles in this figure indicate the central region and peripheral region in the virtual CTV, respectively. Here, the peripheral regions were defined by regions 10 mm inside the edge of the virtual CTV.
Assessment of range variation
In Fig. 8a , the solid black line represents the linear approximation of the standard deviation (average standard deviation) from all cases. Although the standard deviations seem to be dispersed, the red circles as a whole are not.
In Fig. 8b , the solid black line is also a linear approximation of the dose ratio (average dose ratio) for all cases, to evaluate the trend of the dose ratio per range variation. The black dashed lines 
Fig. 5. Schematic illustration of a respiratory motion phantom
Layer-stacking method for targets moving due to respiration • 843 indicate the maximum and minimum dose ratios that were obtained by the standard deviation of the dose ratio. From this figure, dose uniformity became worse as range variation increased. The dose ratios were within 5% in the region of a 3-mm range variation. Figure 9 shows the dose ratio between the static target and the moving target (Case nos 5 and 6 of Table 1 ) for 50% beam intensity with ungated and gated irradiation. The black region represents the area in which the variation in the dose ratio exceeds 5%. The colored region shows the area in which the variation in the dose ratio falls within 5%. The green dotted line is the PTV obtained by a 95% dose area of the prescribed dose for a static target, and the red-brown dotted line is the virtual CTV calculated from the PTV of the static irradiation and margins calculated from the target movements. When comparing free breathing ( Fig. 9a ) with gated irradiation (Fig. 9b) conditions, it can be seen that the green regions, in which the dose ratios were almost 100%, were increased for gated irradiation. Figure 10 shows the average dose ratio and the standard deviation in the virtual CTV at each lateral position. A comparison of a 100% (Case no. 3 in Table 1 ) with a 50% (Case no. 5 in Table 1 ) beam intensity shows similar results, despite the 50% reduction in beam intensity. The slope of the average dose ratio of gated irradiation (Case no. 6 in Table 1 ) was the most gradual. The virtual CTV could not cover the treated volume for the moving target with a variation in dose ratio within 5%. The coverage of the treated volumes for the moving targets relative to the virtual CTVs were 95.0%, 94.8% and 97.2% in Case nos 3, 5 and 6 in Table 1 , respectively.
Effect of beam intensity and gated irradiation
DISCUSSION
We experimentally verified the dose uniformity inside the CTV with respect to margin, range variation, and the effect of beam intensity, as well as the appropriate margins for a moving target, and gated irradiation. We noted that the dose uniformity deteriorated as respiratory motion increased. Moreover, the peripheral region in the virtual CTV showed markedly disturbed dose uniformity as compared with the central region in the CTV. Additionally, dose uniformity was not affected by a reduction in the beam intensity, even by half. On the other hand, the dose uniformity was improved by gated irradiation under a similar amplitude. This is because the positional variation in the beam direction in the case of the gated irradiation was lower than that in the case of free breathing, even for the same lateral positional variation, and the fraction of time in which the target exists at the greatest exhalation phase for the gated irradiation was larger than for the free breathing case [8] . Figure 11 shows the range variation in the virtual CTV, where the abscissa indicates the lateral positions. Red, blue and green lines indicate the lateral amplitudes of 1 mm (Case no. 2 in Table 1 ), 4 mm (Case no. 3 in Table 1 ) and 20 mm (Case no. 4 in Table 1 ), respectively. Black dashed lines indicate 3.3 mm from the distal margin. Colored vertical lines represent the region of the virtual CTV in each lateral direction. The range variations partly exceeded the distal margin at the peripheral region for the 1 mm and 4 mm illustrations. Therefore, additional margins may be necessary in layerstacking irradiation of a moving target to improve dose uniformity and coverage.
The edge of the target (distal layer) was affected by respiration, as the most distal layer, which was the highest dose weight, was most affected by motion of the target motion. Therefore, layer-stacking irradiation of a moving target requires use of additional margins in the distal and lateral direction in order to obtain the required dose uniformity.
The TM for layer-stacking irradiation should thus be better calculated as follows:
where additional margin is set to the slice thickness of 2.5 mm. The solid black lines in Fig. 11 indicate the distal margin, including the additional margin. Compared with the distal margin and range variations, 1 mm and 4 mm were roughly adequate as the range variation when adding the additional margin. For 20 mm, however, the range variations were far from the distal margin, even when the additional margin was added. Figure 12 shows (a) the standard deviation and (b) the average dose ratio in the virtual CTV, when including the additional margin, as a function of range variation. Similar to Fig. 8 , red and blue dotted circles indicate the central region and peripheral region in the virtual CTV, respectively. As shown in Fig. 12a , the standard deviations were decreased as compared with those in Fig. 8a , where the additional margin was not included. In Fig. 12b , the variation in the dose ratio fell within 5% for a range variation of 5 mm. When the additional margin of 5.0 mm was included, the variation in the dose ratio fell within the 5% for a range variation of 6 mm. When comparing the data shown in Fig. 8 with those in Fig. 12 , it is clear that the additional margin improved the acceptable range variation, in which Table 1 ) and the moving target in case of (a) 1 mm (Case no. 2 in Table 1 ), (b) 4 mm (Case no. 3 in Table 1 ) and (c) 20 mm (Case no. 4 in Table 1 ). Green and red-brown dotted lines are the PTV and the virtual CTV, respectively. The PTV is given by the treated volume for the static target that covers 95% of the prescribed dose for a static target. Table 1 ), 4 mm (Case no. 3 in Table 1 ) and 20 mm (Case no. 4 in Table 1 ), respectively.
the variation of the dose ratio was within 5%. The additional margin for the moving target should be determined based on the range variation. However, unlimited large margins may not be acceptable in clinical situations. Therefore, gated layer-stacking irradiation should be applied with consideration of the available amount of additional margin and the patient's clinical condition. Figure 13 shows the dose ratio between the static target and the moving target in case of (a) 4 mm of free breathing (Case no. 5 in Table 1 ), (b) 4 mm of gated irradiation (Case no. 6 in Table 1 ) and (c) 20 mm of free breathing (Case no. 4 in Table 1 ) with an additional margin of 2.5 mm. The virtual CTV (red-brown dotted line) was obtained from the PTV using the margins determined by Eq. (3). As shown in Fig. 13a and b, the treated volume for the moving target in which the variation of the dose ratio is within ±5% covers the virtual CTV. On the other hand, the black region, in which the variation of the dose ratio exceeded ±5% is shown in Fig. 13c . These results indicate that layer-stacking irradiation of a moving target requires larger margins or an upper-limit of movement.
The coverages of the treated volumes for the moving targets relative to the virtual CTVs are summarized in Fig. 14. For the case of an additional margin of 2.5 mm, the coverages of the treated volumes for the moving targets relative to the virtual CTVs were improved to 98.2%, 99.2% and 92.3% in cases of (a) 4 mm of free breathing, (b) 4 mm of gated irradiation and (c) 20 mm of free breathing, respectively. When adding a further margin of 5.0 mm, the coverage was 99.8%, 99.9% and 95.6% in cases of (a) 4 mm of free breathing, (b) 4 mm of gated irradiation and (c) 20 mm of free breathing, respectively. This coverage may be acceptable, even with The red and blue dotted circles indicate the central region and peripheral region in the virtual CTV, respectively. In Fig. 8a , the solid black line is the average standard deviation. In Fig. 8b , the solid black line is the average dose ratio, and the black dashed lines are the acceptable dose ratio. Table 1 ) and the target moving as a result of respiration in the case of (a) 50% beam intensity of free breathing (Case no. 5 in Table 1 ) and (b) 50% beam intensity of gated irradiation (Case no. 6 in Table 1 ). Green and red-brown dotted lines are the PTV and the virtual CTV, respectively. The PTV is given by the treated volume for the static target that covers 95% of the prescribed dose for a static target. Table 1 , respectively.
20 mm of motion. However, the value of the coverage depends on the shape of the target. Therefore, the relationship between range variation and dose uniformity should be considered. As seen in Fig. 11 , use of a constant additional margin may be too large in a central region because the range variation in this area is small. Smearing can be applied to cover the range to the target for lateral positional errors [13, 14] . Thus, the change in the range due to motion may also be compensated for by setting smearing instead of using an additional margin, if the smearing values in the lateral direction of respiratory motion are set to the TMs that represent the maximum range variation inside the virtual CTV.
The treated volumes for the moving targets could cover the virtual CTVs to some degree without use of an additional margin. In order to improve dose uniformity, an additional margin is needed for layerstacking irradiation. The suggested additional margin of 2.5 mm is not a rigid value, but it is an appropriate value in some range variations for our particular ridge filter. For large lateral movements (20 mm), an additional margin of 2.5 mm would be inadequate, as compared with small lateral movements (4 mm). In clinical practice, there should be Table 1 ), 4 mm (Case no. 3 in Table 1 ) and 20 mm (Case no. 4 in Table 1 ), respectively. Colored vertical lines indicate the region of the virtual CTV in each lateral direction. Table 1 ), (b) 4 mm of gated irradiation (Case no. 6 in Table 1 ) and (c) 20 mm of free breathing (Case no. 4 in Table 1 ). Green and red-brown dotted lines are the PTV and the virtual CTV, respectively. The PTV is given by the treated volume for the static target that covers 95% of the prescribed dose for a static target.
an upper limit of movement amplitude. Lateral movement of a target converts to the range variation accompanied by the movement of the target. Target uniformity of 5% is achieved when the upward range variation is limited and when using an additional margin. Although better dose uniformity could be obtained by an additional margin, it may be better to simulate the dose distributions for moving targets, as some high doses appear outside the target, where organs at risk may be present. In order to decrease high doses in such organs at risk, the moving distance should be limited. Dose uniformity is achieved by superposition of slices. In this case, dose uniformity in a clinical target would largely depend on the shape of the mini-peak as well as on the bolus shape. In this report, we have expounded the relationship between range variation and dose uniformity when using a mini-peak with a fixed shape. In an actual therapy case, we would consider using an upper limit of target movement based on the shape of the bolus.
